Synopsis The evolutionary significance of egg size in marine invertebrates is commonly perceived in energetic terms.
Introduction
Egg size is probably the developmental parameter most often measured for marine species. It is both easy to measure and, in general, a good index of provisioning (Jaeckle 1995; Hoegh-Guldberg and Emlet 1997; McEdward and Morgan 2001) . For this reason, egg size is a useful predictor of mode of development: it roughly correlates with larval dependence on extra-embryonic nutrition, and therefore the likelihood that larvae develop complex feeding structures, retain vestiges of ancestral structures and behaviors, or show direct development, in which ancestral larval forms or developmental features may have been lost or modified (Strathmann 1985) . Most theoretical work on optimum egg size focuses on the consequences of changes in energetic content for larval form and development time, or for post-larval performance (Vance 1973a (Vance , 1973b Strathmann 1977 Strathmann , 1985 Podolsky and Strathmann 1996; McEdward 1997; Levitan 2000) .
Size is not only a proxy for maternal investment per offspring, however. It is also a developmental parameter with independent physical significance. Prior to full development of the characteristic larval form (hours to days, depending on species and temperature), most planktonic embryos are spheroidal swimming ''blobs'' with cilia that allow motility.
Embryos often show steady upward or downward swimming due to patterning of ciliation and overall gravity-defined stability (Emlet et al. 1987; Emlet 1994) . The planktonic ecology of early larval stages must be substantially influenced by how fast they move and where they go, whether or not this movement is effected by motility. From first principles, ciliary, buoyant, and drag forces all scale with size at very low Reynolds numbers (for instance, see Grünbaum and Strathmann 2003) . Egg size could therefore have significant consequences for early developmental ecology that are independent of its correlates in later larval form and development time.
Shared ecological pressures could also lead to the evolution of similar ciliary swimming performance among non-related species, although species may have different means of achieving that performance. For instance, if swimming aids in locating and maintaining position in food layers, diverse planktonic larvae may converge upon a similar minimal upward swimming speed, despite differences in shape, in mass, and in the distribution of cilia over the larva. Performance standards or functional requirements in early larval swimming will be contingent upon environment (e.g., hydrodynamic regime), because the effects of swimming upon transport and other processes in nature vary with hydrodynamic context (Fuchs et al. 2007; Hadfield and Koehl 2004; Clay and Grünbaum 2010) . If performance standards exist, then the ecology of early development could influence or restrict the evolution of egg size in planktonic developers.
Although early stages (i.e., blastulae and gastrulae) of broadcast-spawners persist briefly in comparison with the duration of the planktonic period, one to 3 days of unregulated transport at the time of greatest vulnerability could greatly reduce larval survival. One line of evidence that supports the hypothesis that early swimming performance is under selection is the widespread occurrence of rapid development of swimming ability: embryos of some species with planktonic development swim in as few as 10 h, and most that have been surveyed (Staver and Strathmann 2002) swim within 24 h after fertilization (development at 148C). The association of rapid acquisition of swimming with unprotected development may signal a large functional role for swimming at early stages.
Early developmental stages in planktotrophic broadcast-spawners are simple and undifferentiated in comparison with fully developed larvae, but the physical characters that contribute to their swimming performance vary much as they do for non-feeding larvae of many species (Emlet 1994) . Early stages are spheroids of varying aspect ratio, often slightly prolate. Planktotrophic broadcast-spawners usually have small eggs with negative buoyancy (positive excess density, or density in excess of the surrounding seawater; e.g., Emlet et al. 1987) . Patterns of ciliation are established early in development (Masuda and Sato 1984; Damen and Dictus 1994) and show strong phylogenetic conservatism, from the simple cilia and uniciliated cells of echinoderms, to the characteristic tier of compound cilia that develops in many trochozoans. However, echinoderm embryos hatch with different cell numbers, and therefore different ciliary complements. When trochozoans begin to swim, they may have prototrochal cilia of different lengths, composed of different numbers of simple cilia. Related species differ considerably in embryonic size and often, therefore, in mass.
Swimming performance can be understood through mathematical scaling relationships that parse the effects of factors such as a swimmer's size, shape, and ciliary distribution on performance parameters like speed. To model newly swimming early larvae with ''blob-like'' forms, we assume that these larvae have an ellipsoidal outer shape. Thus, shape is defined by the surface
where the three geometrical parameters a x , a y , and a z are the radii of the larval surface in the x-, y-, and zdirections. In this article, we focus on spheroidal larvae, i.e., those for which a x ¼ a y , and hence for which geometry is defined by only two parameters. Using these parameters, we summarize larval size with a characteristic length L, which we define as the cube root of the larva's exterior volume. For ellipsoidal larvae,
Since early larvae are small (51 mm) and move slowly (51 mm s À1 ), we can apply low Reynolds number theory, which neglects inertial contributions in calculating fluid flows around larvae. A key consequence of this assumption is that fluid flows, and hence larval swimming velocities, vary linearly with parameters such as excess mass and ciliary velocity. Under our assumptions, the relationship between swimming speed (v swim ) and excess mass (M) always falls on a straight line between two characteristic points on the mass-velocity plane (Fig. 1) . The first of these points, (0, v Ã ), is defined by the neutral-weight swimming speed v Ã , which is the speed at which a larva with equivalent geometry and ciliation would swim if it had zero excess density, or density equal to seawater (see Table 1 for a summary of relevant parameters). The second point, (M Ã , 0), is defined by the maximum supported mass M Ã , which is the excess mass at which a larva with equivalent geometry and ciliation would have zero upward velocity; i.e., the larva would sink with any greater mass but can swim upward with any lesser mass. Thus, the vertical velocity of a larva of excess mass M is
The key parameters v Ã and M Ã in Equation (3) can be usefully expressed in terms of more elementary components. Because (at low Re) the neutralweight swimming speed v Ã is proportional to the ciliary speed v cil , we expect that
where is a shape parameter that reflects the geometry of the larva and the distribution and orientation (but not angular velocity) of its cilia.
Because is dimensionless, it is a function of other dimensionless parameters. For spheroidal larvae, the only dimensionless combination of geometrical parameters is the aspect ratio A ¼ a z /a x (or its inverse). Thus we can say that the shape parameters for a spheroidal model larva are defined fully by A and the ciliary distribution. Isometric changes in larval size preserve both A and the ciliary distribution, so both v cil and v Ã are expected to be constant across isometric changes in larval size.
The maximum supported mass, M Ã , is also proportional to v cil . Further, because the effect of excess mass is to impart a force proportional to gravitational acceleration, g, and because ciliary action is translated to force via viscosity, , we must have
Dimensional consistency shows the necessity for a factor of larval characteristic length L. We thus have
where is again a shape parameter that reflects larval aspect ratio and ciliary distribution, but not larval size, ciliary speed, or environmental parameters. Substituting these expressions into Equation (3), and defining ¼ /, we obtain the swimming velocity v swim of a spheroidal, low-Re larva as
In Equation (7), the effects of larval shape (i.e., aspect ratio and ciliary distribution) are confined to Fig. 1 For swimmers at very low Reynolds numbers, such as ciliated invertebrate larvae, neutral-weight swimming speed (v*) and maximum supported mass (M*) define the relationship between mass and upward swimming speed. When cilia are active, the swimmer's upward speed increases by v*. When cilia are inactive, the swimmer's upward speed decreases by v*. Thus, sinking and swimming speed together enable calculation of v*. Maximum supported mass is a reflection of the ciliary force which the upward swimmer can sustain: as excess mass increases, eventually the larva hovers, and then sinks. Because sinking speed and embryo size permit calculation of the excess mass of a spheroid, M* can be calculated for species for which embryo size, sinking speed and swimming speed have all been measured. ) increases faster with size than does the capacity to carry that mass (M Ã _ L), larger larvae will require changes in ciliary distribution and in larval shape (implicit in and ), ciliary speed, or larval excess density if they are to swim upward at the same speed as smaller embryos.
If early embryos must meet swimming speed standards, evolutionary pressure to increase egg/embryo excess mass (i.e., provisioning) will exist simultaneously with a pressure to preserve upward velocity. This could favor the evolution of increased ciliary speed, when that is possible. Larvae may also become larger, therefore able to carry more mass. However, diminishing returns in upward velocity with size could necessitate a decrease in average excess density to preserve viable swimming; for instance, larvae could become hollow, or engage in active buoyancy regulation. Larval aspect could also be adjusted: shapes for which approaches 1 and approaches zero (Equation [7] ) will maximize speed at any size. However, because the effects of shape are invariant with size, a shape that is already favorable at small size provides no additional scope for improvement in speed at increased sizes.
In summary, if larger embryos are constrained by selection to perform to the same speed standard as smaller embryos, we can expect that they will exhibit changes in shape, ciliation, and/or average excess density. Phylogenetic and developmental limitations on the evolution of novel embryo shapes, ciliary characteristics, and excess density would then limit the range of viable egg size.
In this study, we combine experimental and modeling approaches to test for swimming performance standards in earliest development in planktotrophic broadcast-spawners. We measured swimming speeds at first motility in a group of thirteen planktotrophs, selected for diversity in egg/embryo size as well as phylogenetic diversity (Table 2 ). Speeds of passive sinking for embryos of the same species, measured immediately prior to first motility, enabled us to calculate average excess density for each species. Sinking and swimming speeds together enabled us to compute the neutral-weight speed v Ã , and therefore maximum upported mass M Ã , for embryos of each species (Equation [3] ; Fig. 1 ). Experimental results can provide direct tests for the existence of performance standards in speed.
In parallel with experimental measures of performance, we developed a hydrodynamic model of embryonic swimming. This model uses physicaldevelopmental parameters to calculate embryonic mass, ciliary force, the flow-field produced by ciliary activity, and therefore upward swimming speed. We classify the earliest-swimming stage of P. agassizii as a blastula rather than a trochophore for descriptive reasons, since ciliation extends through most of the surface of the egg envelope when swimming commences.
Comparing predictions for model larvae with experimental results allowed us to assess goodness-of-fit. Comparing modeled and experimental results for swimming speed with the predicted scaling of key parameters v Ã and M Ã allowed us to determine if groups of related species performed as expected across changes in size, or whether they showed departures from predicted scaling relationships. Finally, we used the model to compute neutral-weight and upward swimming speeds (v Ã and v swim ) for embryos of fixed ciliary speed, larval volume, and average excess density, across a range of aspect ratios (highly oblate to highly prolate). This enabled us to numerically resolve the relationship between aspect ratio A and the shape parameters and (Equation [7] ). The results of these experimental and modeling studies are discussed within the context of trochozoan and echinoderm development, to assess evidence that standards for early swimming constrain the size and shape of embryos in broadcast-spawning planktotrophs.
Methods

Experimental observations
All adult organisms were collected in the vicinity of the Friday Harbor Laboratories (San Juan Islands, WA, USA) during their natural breeding seasons, and held in running seawater at ambient temperatures (see Table 2 for species). Purple urchins (Strongylocentrotus purpuratus) were the sole exception, as this species is maintained in enclosures year-round at FHL. Other urchins (Strongylocentrotus droebachiensis and S. franciscanus) were collected by divers, and sand dollars of the species Dendraster excentricus were collected intertidally from Eastsound, Orcas Island, WA. All echinoderms were spawned by intracoelomic injection of $0.5 mL of 0.53 M KCl. Limpets (Lottia scutum, L. pelta, and L. digitalis) were collected from field sites on San Juan Island and transported to the laboratory, where they were sorted by species and transferred to small-volume ($5 L) tanks. A few simulated tidal-emersion cycles were sufficient to induce spawning, generally on the second night after collection. Fertilized embryos were collected and resuspended in bag-filtered ($10-mm pore size) seawater, then monitored for normal development. Annelids (Owenia fusiformis, Serpula pacifica) released gametes when removed from their tubes. Nemerteans (Micrura alaskensis, Cerebratulus sp.) released gametes shortly after their collection in the field, probably in consequence of mechanical trauma. The bivalve mollusc Chlamys rubida and the sipunculan Phascolosoma agassizii spawned in response to a transient increase in water temperature. All resulting cultures were maintained in flowthrough seawater tables at ambient temperature (11-148C); embryos were kept at low density (51 mL À1 ) in 500-mL beakers without stirring. Embryos of all species were negatively buoyant.
Video-recording of passive embryonic sinking was timed to precede active motility as closely as possible. Recordings of swimming embryos were made within 1 h of swimming onset. The chamber used for recorded observations (McDonald 2004) nested in a rigid acrylic jacket through which water was recirculated to maintain the chamber's contents at a constant 108C. Embryos to be recorded were first brought to temperature in a 108C bath, and after 15 min of acclimation were introduced to the recording chamber. Embryos were recorded perpendicular to their plane of motion with a zoom macrolens and analog videocamera. Wall effects were minimized by focusing only on the chamber's center (McDonald 2004) ; depth-of-field with this lens was 51 mm, so data were not compromised by inclusion of embryos trapped near the front or rear walls of the chamber. Video-recordings of single embryos swimming or sinking past the camera's fixed frame of reference were digitized via an external bridge, and their motion quantified using ImageJ freeware (National Institutes of Health, USA).
Model
We parametrize early larvae ( Fig. 2A) as spheroids with variable x-and z-radii (see Equation [1] ), average excess density, and ciliary speed. The surface of the embryo is defined by facets at which specific fluid velocity conditions are enforced (Fig. 2B ). We assume that fluid cannot penetrate the exterior of the larva. Some or all of the larval surfaces may be ciliated. On unciliated surfaces, we enforce the ''no-slip'' boundary condition, which requires that fluid velocity at a solid-surface match the velocity of that surface. At ciliated surfaces, we assume that fluid moves tangentially with a speed (v cil ) and direction determined by the ciliary tip speed and orientation ( Fig. 2C and D) . That is, we do not attempt to model the propulsive contribution of individual cilia, but instead approximate their cumulative propulsive effect as a smooth ''envelope'' corresponding roughly to the ciliary tips. (It should therefore be noted that in the model, v cil designates a fluid speed, which in some cases must be greater that actual speed of the ciliary tips to produce corresponding flows.) Fluid velocities and the forces on larval surfaces are calculated using stokeslets (see references in Grünbaum 1995 for details).
Results
Experiments
Swimming speeds of embryos appear to decline with size across species, but this is due to results from the four echinoid species (Table 2; Fig. 3A ). Passive sinking speeds show no relationship of speed with embryo size (Fig. 3B ). Across species, average excess density ( excess ), calculated from sinking speed, scales approximately as the inverse-square of characteristic length L (Equation [2] ; Fig. 3C ). Embryo mass therefore increases nearly as L, rather than L 3 , across species in this study. If average excess density is multiplied by L 2 , a scaling coefficient C results:
The mean value calculated here for this coefficient is 2.33 Â 10 À7 kg m
À1
, and the median is 2.37 Â 10 À7 kg m
. Results for neutral-weight swimming speed confirm that trochophores perform as expected for isometric embryos with equivalent ciliation. We predicted that isometric embryos would show no scaling of neutral-weight swimming speed with size (Equation [4] ). Trochophores support this prediction: small trochophores (O. fusiformis, C. rubida, S. pacifica) swimming upward at neutral weight have swimming speeds equal to those of larger trochophores (L. scutum, L. pelta, L. digitalis) (Fig. 4) . However, echinoids do not appear to fit the prediction, since they show a decrease in neutral-weight speed with size (Fig. 4) .
Using real (measured) and modeled neutralweight swimming speeds, we calculated the maximum excess mass M Ã that swimmers of each species can suspend (see Equation [3] ). Both modeled and 
measured M
Ã support the prediction that M Ã increases as a linear function of L (Fig. 5) . However, when different taxa are examined, it appears that the rate of increase in M Ã with L is greater among trochozoans than among echinoids (Fig. 5) .
Model
Initial modeling runs were made at high-grid resolution, with ciliary tip speed set to 1.0 Â 10 À3 m s
À1
for active cilia, and 0 m s À1 for calculating passive sinking speed. We used embryo dimensions measured during experiments, and excess density values calculated from species' real sinking speeds (using Stokes' law for the drag of a sphere of radius L). Water viscosity was interpolated for seawater at 29 ppt and 108C, the salinity and temperature at which experimental observations were made. Sinking-speed calculations made by the model were therefore non-independent, reproducing the speeds observed in experiments.
Despite simplifying assumptions made for shape (all embryos were spheroidal) and ciliation (all were uniformly and continuously ciliated), initial swimming speeds predicted by the model were largely accurate. For eight of the 13 species examined, initial predictions fell within one standard deviation of the mean measured swimming speed (Fig. 3A) . All trochophores with the exception of S. pacifica (Table 2) were well-approximated as uniformly ciliated ellipsoids with a ciliary tip speed of 1.0 Â 10 À3 m s
. Swimming speed predictions for the only oblate swimmer in this sample Table 2 . Species labels (a through m) correspond to labels used in Table 1 (M. alaskensis), and one of the two continuously ciliated prolate swimmers (P. agassizii), showed the same degree of accuracy. When ciliation for modeled embryos was restricted to a central, girdling band, the ciliary tip speeds required to reach trochophores' measured upward swimming speeds were considerably higher, ranging from 1.40 to 2.05 Â 10 À3 m s
; the large range of tip speeds reflects not only the real differences in species' measured densities and geometries, but also our imprecise knowledge of the dimensions of the prototrochal band in different species. Accurate placement of bands and exact knowledge of their extent would permit better predictions for trochophore ciliary tip speed.
Of the five species for which initial predictions were less accurate, three were echinoids (S. purpuratus, D. excentricus, S. droebachiensis), a fourth was the polychaete S. pacifica, and the last was a nemertean, Cerebratulus sp. Two represented underestimates (S. purpuratus, Cerebratulus sp.) and three were overestimates of swimming speed. Inaccurate estimates for ciliary tip speed are likely to contribute to inaccurate predictions for swimming speed. For each species that swims with a continuous field of cilia, we therefore determined a tip speed that yields a model-predicted upward swimming speed within 5.0 mm s À1 of the measured upward swimming speed (Table 3) . These ciliary speeds range from 8.10 Â 10 À4 m s
À3 m s À1 (S. purpuratus) ( Table 3) . With some augmentation, the code used to calculate speed for model embryos also established the relationship between a swimmer's aspect (A) and the shape parameters that contribute to neutral-weight swimming speed and mass-carrying ability (the parameters and , respectively; see Equation [7] ). This was accomplished by computing neutral-weight and upward swimming speeds (v Ã and v swim ) for embryos with fixed ciliary tip speed, embryo volume, and average excess density, across a range of aspect. Increasing aspect ratio increases for fully ciliated larvae as well as those with a central, girdling band, which will enhance upward swimming speed (Equation [7] ; Fig. 6A ). In general, the most prolate and oblate shapes help to minimize , thus increasing upward swimming speed (Equation [7] ; Fig. 6B ). However, the aspect ratios of embryos used in this study ranged from $0.75 to 1.25; the least-spherical embryos were still far from maximizing the shape effects that promote speed (Fig. 6B) . Other phylogenetic and developmental constraints, as well as ecological pressures, may prevent developing embryos and early larvae from exploiting less-spherical geometries.
Discussion
Functional requirements for larval swimming can be rigorous. Larvae of planktotrophic species are Table 2 . Labels (a through m) and symbols as for Fig. 3 . Error bars show one standard deviation from the mean, with standard deviation calculated as the square-root of the sum of squared standard deviation for swimming and sinking speeds (shown in Fig. 3A and B) . Trochozoans, especially trochophores (a, b, c, h, i, k), show no effects of size on v*. Echinoids show a strong effect of size, which indicates unexpected differences in ciliary speed, shape, or ciliary distribution (see Equation [4] ). Table 2 . Labels (a through m) and symbols as for Fig. 3 . We predicted a linear increase in M* with L for isometric species. Real and model trochozoans perform to expectation. Echinoids also show increase in M* with L, but at a lower rate, with two species (j: D. excentricus; M: S. droebachiensis) performing substantially below the model projections.
adapted both for stable, directional swimming (Emlet 1991 (Emlet , 1994 Grünbaum and Strathmann 2003) and for concentrating scarce and patchy food resources (Strathmann 1971; Strathmann et al. 1972; Strathmann 1987a; Hart 1991; Strathmann et al. 1992; Hart and Strathmann 1994; Klinzing and Pechenik 2000) , often using the same ciliated structures for both functions. More recent studies of Fig. 6 The relationship between a swimmer's aspect (A ¼ a z /a x ) and the shape parameters and , which contribute to neutral-weight swim speed and mass-carrying ability (Equation [7] ). Embryos included in the study fall into a small fraction of the range of A represented in this figure; the most oblate embryo included, M. alaskensis, has an aspect of $0.75 at first swimming, and the most prolate embryos have an aspect of $1.25. Using our model, we computed neutral-weight and upward swimming speeds (v* and v swim ) for embryos with fixed ciliary speed, volume, and density, across a range of aspect, and then solved for shape parameters using equations 4 and 7. (A) Curves for the parameter are shown for (1) a uniformly ciliated spheroid; (2) a spheroid with a central ''girdle'' of cilia; and (3) a spheroid with ciliation covering its apical hemisphere. Icons beside each curve indicate the extent of modeled ciliation in each case; icons above the figure indicate the direction of the modeled embryo's change in aspect (oblate to prolate). Discontinuities are a function of resolution and are smoothed by including intermediate values of A. Increasing prolateness (increasing A) maximizes for fully ciliated embryos and those with a girdle of cilia, increasing swimming speed. However, aspect and ciliation pattern interact strongly in determining . (B) The shape of the curve is independent of ciliation. Here, values are shown for the fully ciliated case. In general, the most prolate and oblate shapes help to minimize (Equation [7] ) and therefore improve upward swimming speed. Our studies revealed two surprising trends in the relationship of swimming performance with size in embryos of planktotrophic broadcast-spawners. The first unexpected result is the strong negative scaling of excess density with embryo size (Fig. 3C) . The other is the decline in neutral-weight swimming speed with size across four echinoid species, a pattern we did not observe in trochozoans (Fig. 4) . Both trends have implications for the ecology and evolution of egg size. The first, in particular, suggests that early swimming acts as a broad constraint on embryo size and mass, and therefore on egg size, in species with free-living early stages. The second suggests that differences in the patterning of the earliest swimming structures in trochozoans and echinoderms-the prototroch and the blastoderm, respectively-could lead to different fundamental limitations on egg size.
Density-size scaling
The negative scaling of excess density with embryo size (Fig. 3C ) limits increases in embryo mass with size to a rate that can, theoretically, be matched by increase in embryos' ability to carry that mass (Equations [6] and [7] ). In other words, embryos could increase in size isometrically without loss of upward speed. The diversity of species which fall into this scaling relationship (excess density proportional to L
À2
) may indicate that free-living early stages of many non-related groups experience the same pressure to swim upward.
One question to consider is how such differences in excess density are achieved. Do they reflect true differences in cytoplasmic density or egg density, or are they achieved in part through other physical-developmental mechanisms? The excess densities that we calculated from sinking speeds (Fig. 3C) reflect an average or ''effective'' density, the excess density that would characterize a spheroid of uniform composition, with radius equal to L, that sinks at speed identical to the embryo. Densities calculated in this study can therefore be taken as estimates of cytoplasmic excess density for embryos without internal fluid-filled cavities. This suggests that the average density differences measured for trochozoan species do reflect real differences among their egg densities. Echinoids, like other echinoderm blastulae, may have substantial internal cavities at the time when swimming begins. The presence of a blastocoel must offset a portion of the excess density of the cytoplasm (assuming that embryos do not actively regulate the density of the blastocoelic fluid; but see McDonald 2004). Our calculated densities therefore underestimate cytoplasmic density for the echinoid blastulae here.
In other echinoids, blastulation does provide a developmental opportunity to alter cytoplasmic density and mass distribution. For instance, the blastocoel of the lecithotrophic echinoderm Heliocidaris erythrogramma is partially filled with lipid vesicles secreted by the blastomeres near the time of hatching (Henry et al. 1991; Emlet and Hoegh-Guldberg 1997) ; this process reduces cell volume and ''unwrinkles'' the blastula as it hatches (Henry et al. 1991) . Secreting lipid reserves into the blastocoel is likely to change the embryo's mass distribution, shift its center of buoyancy, and increase overall size of the blastula, hence altering (possibly improving) the stability of the swimmer.
Because we did not measure blastocoel volume, and also because we do not know the density of the blastocoelic fluid, we cannot correct our calculated mean excess densities in order to obtain the true cytoplasmic densities of echinoid species in this study. Published data for blastocoel size that accompany measures of egg and embryo size are scarce. However, if we assume that the total excess mass of the embryo does not change significantly from fertilization through time of hatching, we can use the volume of the zygote and the excess mass calculated for the hatched blastula to estimate the density of the fertilized egg. For the echinoids in this study, those estimated egg densities range from 235 kg m À3 for S. purpuratus (egg radius $40-43 mm) to 36 kg m À3 for S. droebachiensis (egg radius $90 mm). Embryos swell as the blastocoel takes shape; the degree of enlargement varies, but the four species in this study have the same relative sizes as eggs that they later have as hatched, swimming blastulae. For this reason, these estimates of egg density are constrained to reiterate the density-size scaling that we measured for blastulae. It is likely that real differences in egg density underly the scaling in density measured later at the blastula stage, despite the density offset that results from blastocoel formation.
These estimates of echinoid egg density are based upon the somewhat unrealistic assumption that an embryo's excess mass does not alter from fertilization through blastulation. This is not as problematic an assumption as it might appear, since larval metabolism can represent a very small fraction of the total energy budget of the egg McEdward and Miner 2006) . However, if we discard this assumption, could differences in the size of the blastocoel account for the density-size scaling observed in echinoids?
If we instead assume that species' cytoplasmic excess densities are identical at hatching, and constrain this standard density to a value somewhat greater than the highest average excess density we measured for embryos in this study, we can calculate the blastocoel sizes needed to achieve the measured density-size scaling (Figs. 3C and 7) . Increasing the size of the blastocoel radius relative to embryo radius is in fact sufficient to reproduce the observed density-size relationship (Fig. 7 ).
An increase in blastocoel size relative to embryo size would result if the blastoderm were of a similar thickness for different species (i.e., if larger species had relatively thinner walls). For a blastula wall that is one cell-layer in thickness, with epithelial cells of a standard aspect, this would require that larger embryos hatch with a greater number of cells. Alternatively, epithelial cells in larger embryos could have a different aspect (a more oblate shape, with greater surface area) than those in smaller embryos. Where data are available, species with larger eggs do appear to hatch with greater numbers of cells (Table 4) . Experimental reductions in egg size also produce hatched blastulae with reduced cell numbers (Takahashi and Okazaki 1979) .
Embryo size may interact with the developmental mechanisms that control timing of hatching in echinoderms, with the result that cell number at hatching increases with egg size, and the relative size of the blastocoel also increases. In echinoid embryos, hatching follows closely upon the mid-blastula transition (MBT), an event that in echinoderm development is characterized by formation of cell junctions, ciliogenesis, and loss of cleavage synchrony. One hypothesis is that the timing of the MBT and the major onset of zygotic genome activation (ZGA) are sensitive to the nucleocytoplasmic ratio (Kominami and Takata 1993 ; for review and discussion of different hypotheses concerning control of ZGA timing, see Tadros and Lipshitz 2009) . If echinoids of different species undergo the MBT at the same threshold of nucleocytoplasmic ratio, epithelial cells should have approximately the same volume at hatching, regardless of species. Blastocoel size will then scale as L-(cell diameter) as long as cells also have the same aspect (Fig. 7) . Other mechanisms of ZGA control (such as a maternal ''timer'' that activates when the egg is activated or fertilized) could be independent of nucleocytoplasmic ratio, or act in concert with it; for instance, if transcription repressors are destabilized and destroyed by a mechanism independent of the cell cycle, so that the repressor ). Dark reference lines show the relationship between r and L when (1) blastocoel radius is a fixed proportion of embryo L (or outer radius), and when (2) blastocoel radius approaches L. Embryos with the same, fixed cytoplasmic density can achieve the average density-size scaling shown in Fig. 3A if blastocoel radius approaches L as L increases.
concentration diminishes with time (Tadros et al. 2007; Benoit et al. 2009; Tadros and Lipshitz 2009) .
In summary, differences in species' egg density set the stage for differences in mean excess density at the onset of swimming. The mean excess density of echinoid embryos is altered en route to hatching by blastocoel formation as well as by metabolism. The number of cells and therefore cilia at earliest swimming, the size of the blastula (affected by cell-cell adhesion and cell aspect, which may show species specificity: see Akasaka et al. 1980; Amemiya et al. 1982) , and the relative size of the blastocoel are controlled by complex molecular developmental processes that are imperfectly understood. Outcomes in embryonic size and mass, and therefore swimming speed, could be modified by selection acting on many aspects of development, from egg provisioning to the processes that regulate destruction of maternal transcription factors. This presupposes that selection for upward swimming speed at hatching influences the evolution of development. It would seem a remarkable coincidence if development unconstrained by selection for upward swimming resulted in a density-size scaling among echinoids identical to that in trochozoans.
Size-scaling of M Ã and v Ã , and the comparative development of swimming structures Swimming and sinking speeds for trochozoans, and trochophores, in particular, indicate that swimming speed is under selection in the earliest motile stages. This is true not only because of the excess density trade-off with size (Fig. 3C) , which limits increases in mass with size to a rate that can apparently be matched by increase in mass-carrying ability (M Ã ). Additional indications of selection for swimming speed come from species with known or inferred differences in ciliation, which nonetheless swim upward at the same speed as other trochophores.
Neutral-weight swimming speeds for trochophores validate our assumption of isometric size increase across species. This is not especially surprising, since the prototroch is considered a highly conserved structure. In those trochozoans which have been the subject of cell-lineage studies, the primary trochoblasts are the first cells specified, and they begin to differentiate (by developing ciliation) as early as the 52-cell stage (Damen and Dictus 1994; ). Before they differentiate, they arrest (see Damen and Dictus 1994 for review) . Secondary trochoblasts complete at least one additional cleavage cycle, and then they too arrest. Subsequent cell movements help to shape the geometry of the prototrochal band, so that different combinations of secondary trochoblasts may become part of the prototroch in different species. However, the lineage of the primary trochoblasts, and the characteristic pattern of early differentiation and arrest, appear common at least in gastropods and polyplacophorans (Henry et al. 2004; Hejnol et al. 2007) . It is plausible that at the onset of swimming, distantly related species do not differ substantially in the length, spacing, or composition of prototrochal cilia, but only in the length of the prototrochal band.
However, results for at least two species in this study indicate that developmental conservatism does not account for every instance in which species achieved a ''standard'' swimming speed. The first interesting species in this respect is Owenia fusiformis. Owenia fusiformis develops as a trochophore with simple cilia, yet achieves the same outcome in neutral-weight and actual upward swimming speeds as C. rubida and the lottiid limpets, which have trochophores with compound cilia (Figs. 3A  and 4) . Another interesting result comes from S. pacifica, whose mean neutral-weight swimming speed (Fig. 4) indicates an underachieving species compared with the other trochophores. However, S. pacifica falls neatly into the measured density-size scaling (Fig. 3C) . Our model also predicted a faster swimming speed for S. pacifica (Fig. 3A) , based upon the assumption that its ciliary tip speed is the same as that of other trochophores. Though S. pacifica does not produce a neutral-weight or actual upward swimming speed in keeping with its size and our assumptions about its cilia, its swimming speed remains effectively identical with that of the smaller (O. fusiformia, C. rubida) and larger (Lottia spp.) trochophores. The performance of S. pacifica and O. fusiformis suggests that interspecific similarities in swimming speed among trochophores result from selection on the prototroch, and do not follow simply from developmental constraint. The three trochozoans with continuous rather than banded ciliation formed a cluster both in size and upward swimming speed (Fig. 3A) . These species differ in shape from trochophores, and from one another. Micrura swims as an oblate, almost squarish embryo; Cerebratulus and Phascolosoma are both prolate at first swimming (Table 2) . Full ciliation should provide them with a speed advantage over the other trochozoans, which swim with a discrete band of cilia (Emlet 1994) . However, this again assumes that the tip-speed of cilia is equivalent across species. The upward swimming speed of Cerebratulus exceeds initial model predictions by 41 standard deviation, which suggests that in its case ciliary tip speed may be considerably in excess of the initial value of 1.0 Â 10 À3 m s À1 . ''Corrected'' ciliary speeds for these species (Table 3) were in fact greater than those of most echinoids, but were still lower than the model-estimated range from 1.40 to 2.05 Â 10 À3 m s À1 for trochophore cilia. For example, a modeled Cerebratulus requires a v cil of only 1.180 Â 10 À3 m s À1 in order to achieve a predicted upward swimming speed of 486 mm s
À1
, which is quite close to its real, measured speed (Table 3) . If its modeled ciliation is then restricted to a band of the same dimensions that we used to extrapolate v cil for trochophores, its predicted upward swimming speed reduces to only 128 mm s
. With ciliary speed v cil for this banded version of Cerebratulus increased to 2.05 Â 10 À3 m s À1 (the value extrapolated for O. fusiformis embryos), its upward speed becomes 482 mm s
. In other words, Cerebratulus is performing approximately like a trochophore of the same geometry. It does not enjoy the advantage in speed that it would if it had trochophore-like ciliation over its entire surface, but it does produce a trochophore-like outcome in speed with a lower v cil .
Unlike the trochozoans, which largely bear out predictions of performance based on isometric size increase, echinoid blastulae show a decline in neutral-weight swimming speed with size (Fig. 4) and less indication of increase in M Ã with size (Fig. 5 ). This suggests either that the assumption of isometry is incorrect for these species, or that v cil diminishes with L. It does not seem likely that any differences in their shape are sufficient to violate isometry, since these echinoids are similarly spheroidal at time of hatching. Explanations that invoke differences in ciliary distribution (affecting ; Equation [7] ) or ciliary dynamics (affecting v cil ) are more plausible. The first possibility is that ciliary length varies greatly among species, producing different ciliary tip speeds (v cil ). A second possibility is that the spatial density of cilia differs among species; this would follow from aspects of developmental geometry and the control of the MBT. Finally, differences in embryo curvature, an aspect of larval body shape which does change with size, might interact with ciliary dynamics to alter v cil.
If angular velocity is a constant, v cil should increase directly with length of the cilium. We used our model to locate values of v cil that yielded swimming speed predictions within 5 mm s À1 of actual speeds, and compared the corresponding, predicted cilium lengths for the four echinoids (Table 3) . It is possible that cilium length does decrease significantly as embryo size increases. This could easily be tested. If true, it would be an interesting finding, since a decrease in cilium length with increasing embryo size would exaggerate the effects of differences in mass on swimming performance. This would seem adaptive only if early stages of different species have evolved different ecologies.
A second, geometrically motivated explanation would invoke effects of size on ciliary distribution (affecting for different species). Echinoids swim with a field of simple cilia, and cells are uniciliated. As mentioned previously, cell number at hatching appears to increase with egg size in echinoderms. However, cell number need not necessarily increase in such a way that ciliary spacing at hatching is maintained across species. A change in the spatial density of ciliation with increasing embryo size could help to explain declines in speed.
Assuming that a blastula is comprised of epithelial cells of a uniform size and aspect, the portion of the embryo's surface area occupied by a single constituent cell is approximately 4L 2x (cell number)
. Using the formula for the radius of curvature of a dome, a formula for mean interciliary distance d can be derived:
where r is embryo radius and q is cell number. Mean interciliary distances for the echinoids that appear in Table 4 are plotted in Fig. 8 . At time of first motility, embryos would appear to have similar ciliary spacing despite significant differences in size. Differences in the spatial density of cilia do not seem to account for the decline in speed with size, though this modest sample of species may be too small to capture any general trend. A third explanation hypothesizes a shape effect on ciliary dynamics. Even if cilia have the same length and spacing, differences in embryo curvature could influence viscous interactions and the swimming force produced by each cilium. Reduced embryo size, and proportionally increased curvature, might reduce viscous coupling among neighboring cilia, even if the distance between the bases of neighboring cilia is roughly constant. This would increase the swimming force produced by each cilium as embryo size diminishes. Differences in embryo curvature, cell number, and ciliary length may all contribute to the measured decrease in swimming speed with size in echinoids.
Aspect ratio and the scaling of shape factors b and / In addition to predicting and evaluating size effects on performance, our model enables us to quantify the effects of larval shape on swimming speed (Equation [7] ; Fig. 6 ). If greater swimming speed is advantageous, embryos' shapes might be expected to show optimization for speed. Instead, early larvae are neither particularly prolate nor oblate (Fig. 6) . The extremes of aspect ratio might be difficult for embryos to achieve for developmental reasons; the establishment of cell-cell contacts required in early stages of pattern formation, and the timing of accompanying cell movements, might prevent the evolution of extremely long and constricted or plate-like forms. Changes in the pattern or timing of expression of ciliary proteins may represent a modest developmental change in comparison with alteration of overall shape.
Shape is also important to a second metric of swimming performance: stability. A swimmer's passive stability will influence its propensity to be turned in sub-microscale shear, or in turbulence for larger swimmers. Stability is thus of comparable importance with speed in predicting rates and direction of transport in nature. Extremely prolate and oblate early swimmers, which have no skeleta to bias mass distribution and promote stability, may be ecologically disfavored if directional swimming or upward migration are important in early planktonic life.
Embryonic swimming and the evolution of egg size
What do these results suggest about constraints imposed by swimming speed on embryo size, and therefore egg size, in planktotrophic broadcast-spawners?
Limitations on egg size in any group will be determined by the growth of M in relation to growth of M Ã , and by the existence of some minimum viable upward swimming speed. Our work suggests that phylogenetic differences in embryogenesis and in the patterning of swimming structures should give rise to different limitations on the increase of M Ã with size.
Trochophores are shown here to swim with structures that scale up functionally with size across species, so that ''diminishing returns'' in speed are avoided (Figs. 3A, 4 , and 5). Different species need not accomplish this with identical cilia and distributions of cilia. However, given the conservatism in trochoblast specification and prototrochal patterning, it is probable that early patterns Table 4 ; diamonds indicate estimates for species included in this study, and stars indicate estimates for other echinoids. When interciliary distances are plotted for these species, there is no obvious relationship between embryo size and interciliary distance at the time of swimming onset.
of ciliogenesis are also highly conserved in eutrochozoans.
Echinoids do show diminishing returns in speed with size, and they may have few structural or functional solutions to this problem. They have fewer ciliary parameters that might be acted upon by selection, because cells are exclusively uniciliated. Almost the entire embryo functions as a swimming structure at hatching. Many parameters that could influence v cil and the shape factors and (i.e., total number and spatial density of cilia, and curvature of the embryo) may be influenced by egg size. Selection for greater upward swimming speed could therefore act to increase v cil by increasing ciliary length, if that is energetically and mechanically possible; to limit cytoplasmic density; or to reduce egg size, since here it appears that smaller blastulae swim faster (Fig. 4) .
Trochozoans and echinoids all showed reductions in average excess density with size. In trochozoans, this can be interpreted as a size-scaling in species' cytoplasmic excess densities. This scaling enables achievement of a standard speed among different species. Because these trochozoans balanced increase in mass with increase in the ability to carry mass, there is no evidence for a performance optimum in size where upward swimming speed is concerned. For trochozoans, the upper and lower bounds on planktonic egg size, viewed from the perspective of swimming, are most likely to be set by physiological and developmental limitations on the excess density of the egg.
Results for echinoids of different size do not suggest convergence on a standard swimming speed, but instead span a wide range of upward speeds (Fig. 3A) . For any swimming embryo, the upper bound of viable size can conservatively be taken as the size where self-suspension is no longer possible (illustrated in Fig. 9 ). The lower bound will be set by the dynamic requirements for ciliary coordination. Echinoids swim with a ciliated blastoderm, and coordinated swimming requires some minimal proximity of cilia. If egg size limits cell number at hatching in echinoids, then reductions in egg size will eventually reach a threshold where ciliary coordination is no longer possible, though the force generated by the cilia might suffice to suspend the embryo's mass. Despite similar patterns in density reduction with embryo size, then, phylogenetic differences in swimming structures and in the development of those structures may result in profoundly different mechanisms limiting evolutionary changes in egg size. Fig. 9 Increase in M and M* with L for the echinoids included in this study. Mass (M) grows faster with size, across species, than the ability to carry mass (M*). If the relationships between mass and size measured for species in this study hold for other echinoids, the projected L at which self-suspension should no longer be possible for echinoid blastulae is roughly 230 mm, or a diameter of roughly 460 mm.
